The major floral pigment of petunia, which is either a cyanidin-series (cyanidin and peonidin derivatives) or a delphinidin-series anthocyanin (delphinidin, petunidin and malvidin derivatives), is determined by the function of a flavonoid-3′,5′-hydroxylase that is encoded by two independent loci, Hf1 and Hf2. At the Hf2 locus, the recessive allele hf2-1 had a deletion of about 200 base pairs in the first intron and eight missense mutations by base substitution in the exons. The transcript level of hf2-1 was markedly lower than that of Hf2. We developed PCR-based markers to determine genotypes of the Hf1 and Hf2 loci. This technique allows amplified fragments from the Hf1, hf1-2 and hf1-3 alleles, as well as from the Hf2 and hf2-1 alleles, to be distinguished from one another. These PCR-based analyses showed no discrepancy between the Hf1/Hf2 loci genotypes and the major floral anthocyanidin phenotypes in the 129 commercial petunias we examined. Another reported recessive mutant allele at the Hf1 locus, caused by the insertion of an Spm-like transposable element in the second exon (hf1-1), was not found in the commercial petunias.
Introduction
Petunia (Petunia × hybrida Vilm., Solanaceae) is a model plant for studying the biosynthesis of the anthocyanin pigment. Almost all of the structural genes, as well as the regulatory genes along the anthocyanin biosynthetic pathway, have been isolated (Wiering and de Vlaming 1984, Winkel-Shirley 2001) . As shown in Figure 1 , the cyanidinand delphinidin-series anthocyanins are synthesized by dihydroflavonol 4-reductase (DFR) using dihydroquercetin and dihydromyricetin, respectively, as substrates (Forkmann and Rahnau 1987) . The cyanidin-series anthocyanins are responsible for red to salmon (cyanidin) or rose to pink (peonidin) flower colors. Of the delphinidin-series anthocyanins, petunidin and malvidin derivatives are responsible for blue to burgundy colors. Petunia cultivars accumulating delphinidin itself in the flower are not available in the commercial market, since higher accumulation of delphinidin in the flower associates with an inferior floral trait; markedly crumpled corollalimb of dull color (Ando et al. 2004) .
Flavonoid-3′,5′-hydroxylase (F3′5′H) is a cytochrome P450 enzyme that converts dihydrokaempferol or dihydroquercetin into dihydromyricetin (Holton et al. 1993) . F3′5′H is particularly important in breeding petunias, because it determines the major floral anthocyanin, either cyanidin-or delphinidin-series anthocyanin (Fig. 1) . In petunias, two independent loci govern the activity of F3′5′H: Hf1 and Hf2. Hf2 is expressed only in the corolla-limb. Hf1 is expressed in both the corolla-limb and tube, and has a greater effect on flower color than Hf2. Accordingly phenotypes caused by Hf2 are not detectable with the presence of dominant Hf1. In other words, Hf2 is hypostatic to Hf1 (Cornu and Maizonnier 1983 , Wiering and de Vlaming 1984 , Holton and Cornish 1995 . The Hf1 and Hf2 genes of petunias have been isolated (Holton et al. 1993 , Kikuchi et al. 1993 .
For the Hf1 locus, three different recessive loss-offunction mutant alleles have been reported: the hf1 allele caused by the insertion of an Spm-like transposable element (Psl) in the second exon (hf1-1, Snowden and Napoli 1998), the hf1 allele caused by the insertion of a Mutator-like transposable element (dTph9) in the third exon (hf1-2, Matsubara et al. 2005) , and the hf1 allele caused by the insertion of a copia-like retrotransposable element (rTph1) in the third exon (hf1-3, Matsubara et al. 2005) . F3′5′H gene expression is blocked by the insertion of these elements. However, the recessive mutant alleles at the Hf2 locus, which may also control the major floral anthocyanin, either cyanidin-or delphinidin-series anthocyanins of petunias, have not been investigated.
Our objectives were to isolate recessive mutant alleles at the Hf2 locus in commercial petunias and elucidate the cause of the loss-of-function, and obtain direct evidence for the association of floral anthocyanidin phenotypes with the Hf1 and Hf2 genotypes by the use of newly developed molecular markers that could serve as a tool for petunia breeding.
Materials and Methods
Cultivars and classification by the major floral anthocyanidin
As shown in Table 1 , we used 129 cultivars from the following nine representative commercial petunia series: Celebrity (Bodger Seeds Ltd., Lompoc, CA, USA); PrimeTime and Ultra (Goldsmith Seeds Inc., Gilroy, CA, USA); Carpet, Dreams and Madness (PanAmerican Seed Co., West Chicago, IL, USA); and Baccara (= Merlin), Falcon and Pearl (Sakata Seed Co., Yokohama, Japan). All cultivars were F 1 hybrids. Trailing-type petunia, which became available after 1990 (Rice 1997) , was not examined in this study. The plants were raised from seed in a greenhouse following standard practices for garden petunias. The classification of the petunias by their main floral anthocyanidin pigments (Table 1) follows a previous study (Ando et al. 2004) . For 54 cultivars that were not yet classified by pigment, the floral anthocyanidin was analyzed following the methods of Lu et al. (1991) , and the cultivar was classified into one of the groups (cyanidin, peonidin or malvidin groups) following the criteria of Ando et al. (2004) .
Cloning the Hf2 gene
For all the petunia cultivars, the total DNA was extracted from ~5 g of young leaves using a modified CTAB method (Lassner et al. 1989) . The Hf2 genomic sequence, covering almost the full length of cDNA (5-1733 of GenBank acc. no. Z22544), was amplified using Hf2-f1 and Hf2-r1 as primers ( Table 2 ). The PCR product was gel-purified using a QIAEX II Gel Extraction kit (Qiagen, Tokyo, Japan) and then ligated into pGEM-T Easy, according to the manufacturer's instructions (Promega, Tokyo, Japan). The DNA sequencing was carried out using an ABI PRISM Dye Terminator Cycle Sequencing FS Core kit (PE Applied Biosystems, Foster City, CA, USA). The sequencing products were analyzed in an ABI 3100 DNA Sequencer (PE Applied Biosystems). The homology and sequence identity were confirmed using the BLAST program (Altschul et al. 1997) . The sequence of the resulting fragment was registered with GenBank (acc. no. AB239773).
Northern blot analysis of total RNA
The total RNA was extracted from flower buds (stage 3, as defined by Holton et al. 1993 ) using an RNeasy Plant Mini kit (Qiagen). The Hf2 cDNA (5-1733 of GenBank acc. no. Z22544) was subcloned into pGEM-T Easy (Promega). The digoxigenin (DIG)-labeled riboprobe was prepared according to the manufacturer's protocol (Roche, Penzberg, Germany). Of the total RNA, 10 µg was denatured and separated on a 1% (w/v) agarose gel, as previously described (Kodama et al. 1994) . The separated RNA was transferred to nylon membranes (GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA) by capillary blotting and hybridized with riboprobes at 68°C in the DIG Easy Hyb solution (Roche). The membrane was washed twice with 2× SSC, 0.1% SDS at room temperature and twice with 0.1× SSC, 0.1% SDS at 68°C. The hybridized probes were visualized using CDP-Star reagent (Roche).
PCR of Hf1 and Hf2 genes
The total DNA was extracted from one individual randomly selected from each of the respective cultivars to Two independent loci encoding F3′5′H control the quality of the anthocyanins. F3′H = flavonoid 3′-hydroxylase; F3′5′H = flavonoid 3′,5′-hydroxylase; DFR = dihydroflavonol 4-reductase; ANS = anthocyanidin-synthase; 3GT = UDPglucose: flavonoid 3-O-glucosyltransferase; RT = UDPrhamnose: anthocyanidin 3-glucoside-rhamnosyltransferase; AAT = aromatic-acyltransferase; 5GT = UDP-glucose: anthocyanin 5-O-glucosyltransferase; A3′MT = anthocyanin 3′-methyltransferase; A5′MT = anthocyanin 5′-methyltransferase.
determine the Hf1/Hf2 genotype. In order to identify three Hf1 alleles (Hf1, hf1-2 and hf1-3), a multiplex PCR was conducted using Hf1-f4, Hf1-f10, Hf1-r2, and Hf1-r16 as primers (Table 2 and Fig. 3 ) based on the results of a previous paper . The 0.9-kbp 3′ genomic region corresponding to the Hf1 genomic DNA from nucleotide 1640 to 2533 (GenBank acc. no. AB196180) is expected to be amplified with Hf1-f4/ Hf1-r2 primers. When dTph9 is inserted into the Hf1 gene (hf1-2), a long fragment (1.5 kbp in length) is expected to be amplified with Hf1-f10 (a primer specific to dTph9)/Hf1-r2 primers. When rTph1 is inserted in to the Hf1 gene (hf1-3), another long fragment (2.5 kbp in length) is expected to be amplified with Hf1-f4/Hf1-r16 (specific to rTph1) primers. Each 50-µl reaction mixture consisted of ~50 ng total DNA, 1× ExTaq buffer, 0.2 mM each deoxynucleotide triphosphate, 1 mM each primer and 2.5U ExTaq (TaKaRa, Shiga, Japan). The amplification was performed as follows: the initial denaturation for 5 min at 95°C was followed by 32 cycles at 95°C for 45 sec, 60°C for 1 min, 72°C for 2 min, and a final extension at 72°C for 5 min. The PCR products were separated by agarose gel electrophoresis. This method will be referred to as hf1-2/hf1-3 multiplex PCR hereafter.
In order to confirm the presence of hf1-1, another experiment was conducted using primers designed from the reported Psl sequence (Snowden and Napoli 1998) . The first PCR was designed to amplify a part of the Psl sequence itself using Psl-f3 and Psl-r4 (primers specific to Psl) as primers (Table 2 and Fig. 3 ). The second multiplex PCR was designed for a part of the Hf1 locus that contains exon I, intron I and exon II using Hf1-f1 and Hf1-r3 as primers and a part of exon II that contains Psl sequence using Psl-f5 (specific 
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to Psl) and Hf1-r3 as primers (Table 2 and Fig. 3 ). The second PCR will be referred to as hf1-1 multiplex PCR hereafter. Other PCR conditions were the same as that of the hf1-2/hf1-3 multiplex PCR.
As for Hf2 gene, the genomic region, including a deletion of approximately 200 bp in the first intron (nucleotides 506-709 of the Hf2 genomic sequence; see AB239773) was amplified using Hf2-f1 and Hf2-r5 as primers (Table 2 and Fig. 2 ). The PCR mixture contained 50 ng of genomic DNA as a template, and the PCR consisted of 30 cycles at 95°C for 45 sec, 60°C for 1 min and 72°C for 1 min, followed by a final extension at 72°C for 5 min. The amplified products were separated on 1% agarose gels.
Results

Classification of commercial petunias by the major floral anthocyanidin
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CACAGTAGCGACAACAAAATCTGTC defined previously by the use of principal component analysis of floral anthocyanidin compositions of 195 cultivars of commercial petunia (Ando et al. 2004) , and we confidently classified each cultivar into one of these three groups, except for 10 cultivars having white or yellow flowers (Table 1) . For convenience, members of the malvidin group were subclassified into the malvidin-with-eye group (colored corolla-limb; white corolla-tube) or the malvidin-without-eye (colored corolla-limb and corolla-tube) group, according to the pigmentation pattern of corolla-limb and tube (Table 1) .
Sequence and expression analysis of the recessive hf2 allele 'Pearl Sky Blue', a cultivar in the malvidin-with-eye group, accumulates anthocyanin pigments only in the corollalimb. This phenotype is typical of cultivars deficient in Hf1 enzyme activity (Wiering 1974) . As all of the progeny raised from seeds obtained by the self-pollination of 'Pearl Sky Blue' showed the malvidin-with-eye phenotype (data not shown), the genotype was considered to be hf1 hf1/Hf2 Hf2. We amplified the Hf2 genomic sequence corresponding to the Hf2 cDNA (Holton et al. 1993 ) sequence 5-1733 of 'Pearl Sky Blue' and determined the resulting 2450-bp sequence (GenBank acc. no. AB239773). The Hf2 gene consisted of three exons separated by two introns (Fig. 2-A) , and sequences of the exon corresponded to Hf2 cDNA sequences (GenBank acc. no. Z22544).
All of the progeny produced by the self-pollination of 'Celebrity Scarlet', a member of the cyanidin group, accumulated predominantly cyanidin pigments in the flower (data not shown). Accordingly, the genotype of 'Celebrity Scarlet' was considered to be hf1 hf1/hf2 hf2. In fact, a previous study determined the genotype of the hf1 locus of this cultivar to be hf1-3 hf1-3 . The sequence analysis of the hf2 allele in 'Celebrity Scarlet' detected a 204-bp deletion in the first intron (Fig. 2-A) and eight missense mutations by base substitutions in the open reading frame, compared to the 'Pearl Sky Blue' Hf2 sequence. The 'Celebrity Scarlet' hf2 allele is henceforth referred to as hf2-1.
Hf2 gene expression in corolla-limb of developmental stage 3 flower buds from 'Celebrity Blue', 'Celebrity Burgundy', 'Celebrity Neon', 'Pearl Sky Blue', 'Celebrity Scarlet', 'Celebrity Red', 'Celebrity Pink Morn' and 'Celebrity Strawberry Ice' was examined by northern blot analysis (Fig. 2-B) . Although transcripts were detected in all cultivars, the level of the hf2-1 transcript was markedly lower than that of the Hf2 transcript (Fig. 2-B) .
Determination of Hf1 genotype
To study the association of a floral anthocyanidin phenotype with the Hf2 genotype using the many commercial petunias, we first had to determine the Hf1 genotype of each cultivar, since the Hf2 gene is hypostatic to the Hf1 gene (Cornu and Maizonnier 1983 , Wiering and de Vlaming 1984 , Holton and Cornish 1995 . The hf1-2/hf1-3 multiplex PCR successfully discriminated the dominant Hf1 and recessive hf1-2 and hf1-3 alleles. Figure 4 shows the electrophoretograms for two representative series, Falcon and Celebrity. Although we expected the primer pair Hf1-f4 and Hf1-r2 to amplify additional fragments from the hf1-2 (3.2 kbp) and hf1-3 (6.6 kbp) alleles, we had difficulty detecting these fragments.
The hf1-2/hf1-3 multiplex PCR can detect the mutations in exon III, but gives no information about exon II in which a mutation occurs for the hf1-1 allele. Unfortunately, since a petunia plant carrying the hf1-1 allele was not available, we conducted the following study in order to confirm the presence of the hf1-1 allele in commercial petunias. Another PCR was conducted for a subset of samples that exhibited only the 0.9-kbp fragment by the hf1-2/hf1-3 multiplex PCR, and were determined as Hf1 Hf1. The Psl specific primer pair (Psl-f3 and Psl-r4, Table 2 and Fig. 3 ) amplified a fragment of the expected length (about 1000-bp), but the hf1-1 multiplex PCR (Psl-f5, Hf1-f1 and Hf1-r3, Table 2 and Fig. 3 ) amplified only a normal length fragment (about 1300-bp) of exon I, II and intron I of Hf1 for all the samples tested (data not shown). This indicates that a Psl-like sequence existed in the genome, but it was not located in Hf1. Based on this evidence, we concluded that the hf1-1 allele was not likely involved in determining the flower phenotype of commercial petunia cultivars. Table 1 lists the Hf1 genotypes of the 129 cultivars. In this study, we determined the genotype of only a single individual of each cultivar. Therefore, the genotypes shown in Table 1 do not necessarily represent the genotypes of all the individuals within a cultivar. For example, genotypes of other individuals of the listed cultivars were often determined otherwise as follows; cyanidin group: 'Carpet Red' (hf1-3 hf1-3/hf2-1 hf2-1), 'Falcon Salmon' (hf1-2 hf1-2/hf2-1 hf2-1); peonidin group: 'Baccara Cherry Rose' (hf1-3 hf1-3/hf2-1 hf2-1), 'Baccara Pink' (hf1-2 hf1-2/hf2-1 hf2-1), 'Baccara Pink Vein' (hf1-3 hf1-3/hf2-1 hf2-1), 'Celebrity Pink Morn' (hf1-2 hf1-2/hf2-1 hf2-1), 'Celebrity Raspberry Ice' (hf1-3 hf1-3/hf2-1 hf2-1), 'PrimeTime Rose' (hf1-3 hf1-3/hf2-1 hf2-1); malvidin-without-eye group: 'Baccara Burgundy Picotee' (Hf1 Hf1/Hf2 hf2-1), 'Celebrity Blue Ice' (Hf1 Hf1/ hf2-1 hf2-1), 'PrimeTime Plum' (Hf1 Hf1/hf2-1 hf2-1); others: 'Carpet White' (hf1-3 hf1-3/hf2-1 hf2-1).
All members of the cyanidin and peonidin groups, as well as the malvidin-with-eye group, exhibited either or both fragments corresponding to the hf1-2 (1.5 kbp) or hf1-3 (2.5 kbp) genes, but did not display the 0.9-kbp fragment corresponding to the Hf1 gene. Accordingly, their genotypes were classified as hf1-2 hf1-2, hf1-2 hf1-3, or hf1-3 hf1-3 (Table 1) , suggesting the absence of active F3′5′H derived from the Hf1 locus. In contrast, cultivars of the malvidinwithout-eye group always exhibited a fragment corresponding to Hf1 (0.9 kbp), and were classified as homozygous or heterozygous for the dominant Hf1 allele (Table 1) , suggesting the presence of active F3′5′H.
Determination of Hf2 genotypes
The 0.75-kbp 5′-genomic region corresponding to the Hf2 DNA from nucleotides 1 to 748 (GenBank acc. no. AB239773) was amplified with the Hf2-f1/Hf2-r5 primers (Table 1) . DNA fragments were amplified using the following primers: Hf1-f1, Hf1-f10, Hf1-r2, and Hf1-r16 for detecting sequence inserts in the Hf1 gene (upper); Hf2-f1 and Hf2-r5 for detecting sequence deletions in the Hf2 gene (bottom). The amplified fragments from cultivars of two representative series, Falcon and Celebrity, are shown. The PCR markers are with the associated alleles: Hf1 (0.9 kbp), hf1-2 (1.5 kbp), hf1-3 (2.5 kbp), Hf2 (750 bp), and hf2-1 (550 bp). The genotype and major pigments of the respective cultivars are indicated above each lane. Malvidin-with-eye, Malvidin-without-eye, cyanidin, peonidin are abbreviated as Mal WE, Mal WOE, Cya, Peo, respectively. Anthocyanidin was not detectable (ND). The numbers to the right indicate the size of the amplified fragments.
( Fig. 2-A) . A 200-nucleotide deletion from the first intron, as in the hf2-1 allele, enabled a short fragment (0.55-kbp) to be amplified, instead. Thus, by using these primers, PCR can distinguish the hf2-1 allele from the Hf2 allele. In contrast to the Hf1 genotype, the determination of the Hf2 genotype was rather simple. Figure 4 shows the electrophoretograms for two representative series, Falcon and Celebrity. The Hf2 locus genotypes were associated with the following floral phenotypes. All cyanidin and peonidin group members exhibited only a 0.55-kbp fragment (hf2-1), suggesting an hf2-1 hf2-1 genotype (Table 1) . Malvidinwith-eye group members exhibited a 0.75-kbp fragment (Hf2) and were classified as Hf2 Hf2 or Hf2 hf2-1. The phenotype of the malvidin-without-eye group was irrelevant to the Hf2 genotype ( Table 1) .
Association of phenotype with genotype in self-pollinated progeny
To test whether the predominant anthocyanidin class accumulated in the flower co-segregates with genotypes at both the Hf1 and Hf2 loci, three cultivars of malvidin group, 'Falcon Burgundy', 'Celebrity Burgundy' and 'Celebrity Neon', were self-pollinated, and the floral anthocyanidin composition of the progenies was determined. In addition, the genomic DNA from individual progeny was used to identify the Hf1/Hf2 genotypes by PCR. Figure 5 shows the results for the progeny of 'Falcon Burgundy' (determined as Hf1 hf1-2/hf2-1 hf2-1 in the present study, Table 1 ) from the malvidin-without-eye group. The individuals that highly accumulated cyanidin-series anthocyanidin in the flower (phenotypes of cyanidin or peonidin groups) yielded only a 1.5-kbp fragment (hf1-2) when amplified by the hf1-2/hf1-3 multiplex PCR, whereas those that highly accumulated delphinidin-series anthocyanidin (phenotype of malvidin-without-eye group) exhibited a 0.9-kbp fragment (Hf1). For the Hf2 gene, all individuals exhibited only a 550-bp fragment (hf2-1).
Similar results were obtained from the progeny of 'Celebrity Burgundy' (Hf1 hf1-3/hf2-1 hf2-1; malvidinwithout-eye group), although those that highly accumulated cyanidin-series anthocyanidin exhibited a 2.5-kbp fragment (hf1-3) instead (data not shown). Figure 6 shows the results for the progeny of 'Celebrity Neon' (hf1-2 hf1-3/Hf2 hf2-1; malvidin-with-eye group). All of the progeny exhibited either or both fragments corresponding to the hf1-2 or hf1-3 alleles for the Hf1 locus. For the Hf2 gene, individuals predominantly accumulating cyanidinseries anthocyanidin (phenotypes of cyanidin or peonidin groups) in the flower exhibited only a 550-bp fragment (hf2-1), while those accumulating delphinidin-series anthocyanidin (phenotype of malvidin-with-eye group) exhibited a 750-bp fragment (Hf2).
In this way, the main floral anthocyanidin pigments of the progeny were highly consistent with the phenotypes predicted from the PCR-determined genotypes. Trailing-type petunia, which became available after 1990 (Rice 1997) , was not examined in this study. Since the overall morphology of the trailing-type petunia is very different from that of 'common' petunias used in the present study, additional gene donors should be considered before establishing the trailing-type petunia. In order to ensure the validity of the multiplex PCR technique for trailing petunias, therefore, further research is necessary.
Discussion
Association of phenotype with genotype
The PCR technique we developed demonstrated that the malvidin-group phenotype among a large number of commercial petunias is always associated with the presence of dominant alleles at either or both of the Hf1 and Hf2 loci (Table 1 ). This result is consistent with previous studies showing that the accumulation of delphinidin-series anthocyanidin in the flower is produced by the expression of either or both of the Hf1 and Hf2 genes (Cornu and Maizonnier 1983 , Wiering and de Vlaming 1984 , Holton and Cornish 1995 .
A phenotype accumulating delphinidin-series anthocyanidin only in the corolla-limb (malvidin-with-eye group) was always associated with the absence of the dominant Hf1 allele and the presence of the dominant Hf2 allele (Table 1) . This result is also consistent with previous studies showing that the Hf1 gene is expressed both in corolla-limb and tube, but the Hf2 gene is expressed only in corolla-limb. In other words, malvidin-with-eye phenotype is produced only when the Hf1 gene is suppressed and the Hf2 gene is expressed (Cornu and Maizonnier 1983 , Wiering and de Vlaming 1984 , Holton and Cornish 1995 .
Among the cultivars accumulating cyanidin-series anthocyanidins in the flower (cyanidin and peonidin groups), the PCR detected only recessive alleles at both the Hf1 (hf1-2 and hf1-3 alleles) and Hf2 (hf2-1 allele) loci (Table 1) . Once again, the association of the floral phenotype with the Hf1 and Hf2 genotypes was observed in the cyanidin and peonidin groups of commercial petunias. Thus, the major floral anthocyanidin class of petunia cultivars is highly consistent with the floral anthocyanidin phenotype predicted by the Hf1 and Hf2 genotypes, as determined by our newly developed PCR technique (Table 1 ). The present study provided for the first time, direct evidence on the relation between floral anthocyanidin phenotypes and Hf1/Hf2 genotypes of commercial petunias using molecular markers, and it positively confirmed previous studies.
Recessive hf2-1 allele
In addition to the complete association of floral anthocyanidin phenotype with the Hf1 and Hf2 genotypes as above, northern blot analysis conducted with flower buds of 'Celebrity Blue' (Hf1 Hf1/Hf2 Hf2), 'Celebrity Burgundy' (Hf1 hf1-3/hf2-1 hf2-1), 'Celebrity Neon' (hf1-2 hf1-3/Hf2 hf2-1), 'Pearl Sky Blue' (hf1-2 hf1-2/Hf2 Hf2), 'Celebrity Scarlet' (hf1-3 hf1-3/hf2-1 hf2-1), 'Celebrity Red' (hf1-3 hf1-3/hf2-1 hf2-1), 'Celebrity Pink Morn' (hf1-2 hf1-3/hf2-1 hf2-1) and 'Celebrity Strawberry Ice' (hf1-3 hf1-3/hf2-1 hf2-1) showed that the transcript level of hf2-1 were lower than that of Hf2 (Fig. 2-B) . Taken together, the results of this study strongly suggest that the hf2-1 is a F3′5′H gene with a loss-of-function mutation, although we did not find direct evidence supporting this hypothesis in the nucleotide sequence of the hf2-1 allele.
Previous studies showed that profiles of high-pressure liquid chromatography of 28 cyanidin-group petunia cultivars superficially resemble one another in terms of relative amounts of the major floral anthocyanins (Ando et al. 2000) , and that floral anthocyanin composition of a cyanidin-group cultivar ('Baccara Red', hf1-3 hf1-3/hf2-1 hf2-1, Table 1 ) was determined as cyanidin-3-glucoside (52.2% of total absorbance for all anthocyanins detected at 530 nm), cyanidin-3-sophoroside (22.1%), peonidin-3-glucoside (8.7%), delphinidin-3-glucoside (5.7%), petunidin-3-glucoside (1.7%) and malvidin-3-glucoside (1.3%), that is 73.0% of cyanidinseries anthocyanidins and 8.7% of delphinidin-series anthocyanidins (Tatsuzawa and Ando 2005) .
The hf1-2 gene harboring a transposable element (dTph9) and the hf1-3 gene harboring a retrotransposable element (rTph1) cannot produce an active F3′5′H because there are stop codons in the dTph9 and rTph1 sequences, respectively, inserted in the exons . Therefore, the presence of delphinidin-series anthocyanins at a low level in this double recessive homozygous 'Baccara Red' suggests that F3′5′H derived from hf2-1 allele can produce a small amount of dihydromyricetin to be converted to delphinidin-series anthocyanins.
Molecular markers predicting genotypes for F3′5′H and RT genes
In this study, we showed that the mutant alleles hf1-2, hf1-3 and hf2-1 are particularly important for expressing the floral phenotypes of the cyanidin, peonidin and malvidinwith-eye groups of commercial petunias. Our PCR technique, as applied to the F3′5′H genes, provides a rapid and reliable tool for petunia breeders, especially to determine whether the genotype of an individual exhibiting a malvidinwithout-eye group phenotype is homozygous or heterozygous for the Hf1 and Hf2 genes.
In breeding petunias, UDP-rhamnose: anthocyanidin 3-glucoside-rhamnosyltransferase (RT) is also important. When RT is not operant, anthocyanidin-3-glucoside is accumulated in the flower. When RT is operant, however, glucosylation, acylation and methylation take place further to cause accumulation of acylated and methylated anthocyanidins in the flower (Fig. 1) . RT is encoded at the Rt locus on chromosome VI and is independent from either Hf1 (chromosome I) or Hf2 (chromosome V) loci (Cornu and Maizonnier 1983 , Wiering and de Vlaming 1984 , Holton and Cornish 1995 . Loss-of-function mutant alleles of Rt gene have been isolated from petunias defective for RT activity and highly accumulating cyanidin-3-glucoside in the flower (Kroon et al. 1994 , Nakajima et al. 2005 .
Therefore, petunia cultivars can be classified theoretically into four groups in terms of major floral anthocyanidin class, i.e., malvidin (active F3′5′H and RT), delphinidin (active F3′5′H and inactive RT), peonidin (inactive F3′5′H and active RT) and cyanidin (inactive F3′5′H and RT) groups, but principal component analysis of relative floral anthocyanidin contents of 195 commercial petunias revealed that modern commercial petunias are classified into only three groups; the delphinidin group is not found among commercial petunias since high accumulation of delphinidin-3-glucoside associates with an inferior floral trait, markedly crumpled corolla-limb with dull color, and this phenotype is considered 'removed' by breeders (Ando et al. 2004) .
In a previous paper, a PCR-based molecular marker has been developed to distinguish the recessive rt from the dominant Rt of commercial petunias (Nakajima et al. 2005) . This technique as well as the technique developed in this study may serve in place of the conventional method of determining Hf1, Hf2 and Rt genotypes of an individual, i.e., the observation of phenotype segregation in self-pollinated offspring.
In the present study, phenotype segregation was observed in self-pollinated offspring of three cultivars, 'Falcon Fig. 6 . PCR-based marker of the F3′5′H gene from the progeny of self-pollinated 'Celebrity Neon' (hf1-2 hf1-3/Hf2 hf2-1). Abbreviations for the major pigments are the same as in Figure 3 .
